ABSTRACT Amorphous (noncrystalline) cellulose was prepared by dissolving cotton hydrocellulose in the dimethylsulfoxide-paraformaldehyde solvent system and regenerating the cellulose by slow addition of the resultant methylol cellulose solution to stirred 0.2M sodium alkoxide in methanol:2-propanol (1:1 vol.). The regenerated celluloses, essentially devoid of residual methylol substituents (ca. 0.002 m.s.), had x-ray diffractograms, Raman spectra, and solid-state 13 C-n.m.r. spectra characteristic of amorphous cellulose. In addition, 98-100% of the cellulose hydroxyl groups were accessible to proton exchange with deuterium oxide. On small scale (< 2 g), the d.p. and end group composition of the cellulose were essentially unaltered by the regeneration process, but scaling the procedure up could result in a decrease in the cellulose d.p.
INTRODUCTION
Amorphous (noncrystalline) cellulose is useful as a reference material in studies of the morphology of cellulosic samples. the morphology of the cellulosic sample, 4 -7 amorphous cellulose is also useful in studies of cellulose reactivity and derivatization.
In addition, a convenient method of preparing amorphous cellulose, particularly if it is nondegrading, would facilitate techniques for cellulose functional group and degree of polymerization analysis.
Amorphous cellulose has been prepared by two primary methods, precipitation from solution and mechanical or chemical treatment of the solid substrate. 8 Ball-milling 9 -10 is frequently used to prepare standard "amorphous cellulose", 3 but decrystallization of cellulose fibers with such drastic mechanical action causes significant degradation of the polymer. Amorphous cellulose has also been prepared by precipitation from cadmium ethylenediamine (cadoxen), 1 1 -12 cuprammonium hydroxide (cuam), 13 and phosphoric acid, 14 but these solvents degrade the cellulose and, with the alkaline solvents, alter its functional groups. Nonaqueous saponification of cellulose acetatel3,15, 16 and regeneration of nonaqueous cellulose xanthate solutions 13 also yield highly accessible celluloses. However, the conditions required for formation of these derivatives typically result in significant cellulose degradation.
In this paper we report a method for preparing amorphous cellulose by dissolving the cellulose in the dimethylsulfoxideparaformaldehyde solvent system [17] [18] [19] and regenerating it from the resultant methylol cellulose without recrystallization or appreciable degradation.
RESULTS AND DISCUSSION

Preparation -Chemical Characterization
The mechanism by which cellulose dissolves in the dimethylsulfoxide (DMSO)-paraformaldehyde (PF) solvent system involves formation of a hemiacetal, methylol cellulose, 1 7-1 9 as shown in Figure 1 . Although addition of formaldehyde to OH-6 is probably preferred, OH-2 and OH-3 may also be substituted, with the distribution and the molar degree of substitution (m.s.) dependent on the dissolution conditions. 18 -20 Formation of the methylol' cellu- Other critical factors were the washing sequence and the drying technique. Solvent exchange with methanol, anhydrous diethyl ether, and pentane resulted in a discolored, hornified product after vacuum drying. However, when the regenerated cellulose was washed with methanol, dilute hydrochloric acid, and water, and then freeze-dried, a fluffy, white product was obtained.
Potential degradation during regeneration was assessed through analyses of the cellulose d.p. and end groups. The molecular weight distribution was obtained from gel permeation chromatographic (g.p.c.) analysis of the tricarbanilate derivative. 2 3 Acidic end groups were determined by methylene blue uptake 2 4 and reducing end groups by reduction with sodium borohydride-3 H. The reducing end group analysis is a modification of the basic method reported for determining reducing end groups in soluble polysaccharides. While the carbanilation procedure used in this study is reportedly nondegrading for fibrous substrates, 2 3 the highly accessible physical structure of the amorphous cellulose would bemore susceptible to degradation reactions. In contrast, the regenerated cellulose exhibits a diffuse scattering pattern similar to that obtained for the ball-milled cellulose, and characteristic of amorphous or noncrystalline cellulose. The low frequency regions of Raman spectra of the fibrous, regenerated, and ball-milled celluloses are shown in Figure 4 .
LOG OF MOLECULAR WEIGHT
The spectrum of the fibrous cellulose has relatively intense cellulose I bands, e.g., 378 cm -1 . In contrast, the Raman spectra of the regenerated and ball-milled samples exhibit broad diffuse bands indicative of irregular sequences of conformations along the cellulose chains. 2 7 Solid-state 13C-n.m.r. spectra of the fibrous, regenerated, and ball-milled celluloses obtained by the cross polarizationmagic angle spinning technique 2 9 , 30 are shown in Figure 5 The methylol cellulose solution was diluted with DMSO (400 mL), allowed to cool to room temperature, filtered through a glass microfiber pad (1.2 Um pore size), and added dropwise to a stirred regeneration bath of 0.2M sodium alkoxide in methanol:2-propanol (1:1, vol.; 2 L).
The cellulose precipitate was divided into four equal portions.
Each portion was washed with 0.2M sodium alkoxide in methanol:2-propanol (1:1, vol.; 150 mL), methanol (3 x 150 mL), O.1M HC1 (150 mL), and distilled water (3 x 150 mL); and then freeze-dried. The yields of amorphous cellulose were 95-100%.
General Analytical Methods
Cellulose tricarbanilate derivatives were prepared under nondegrading conditions for gel permeation chromatography. 2 3 The analyses were performed on Styragel columns calibrated by a dispersion-compensated universal technique. 2 3 ,34 Carboxylic acid groups were measured by methylene blue adsorption. 2 4, 3 5 Cellulose hydroxyl accessibility was determined by hydrogen-deuterium exchange with deuterium oxide over 24 h. 3 5 , 3 6 X-ray diffractograms were recorded on a Norelco instrument using nickel-filtered, CuKa radiation. Raman spectra were acquired on a Jobin Yvon spectrophotometer utilizing a 100-mw argon laser.
Solid-state 13 C-n.m.r. spectra were obtained on General Electric S-100 instruments.
Bound Formaldehyde Analysis
Regenerated cellulose (ca. 0.1 g) was mixed with distilled water (12.5 mL) and 85% phosphoric acid (2.5 mL). The mixture was refluxed for 1 h and then distilled. Two 10-mL-volumetric flasks, connected in series and cooled in ice, were used as receivers. Reductions of the cellulose samples and blanks were terminated by adding 3M acetic acid (10 mL). The reduced cellulose samples were washed with 0.1M HC1 (50 mL) and distilled water (100 mL), freeze-dried, and hydrolyzed with trifluoroacetic acid. 3 5 , 3 7 The resulting hydrolyzates were concentrated to dryness in vacuo. The residues were reduced with 0.25M NaBH4 (50 mL) for 24 h, and the D-glucitol was isolated for analysis of its tritium content as 
